Introduction
Despite modern prevention and treatment strategies, viral infections and subsequent diseases remain a major health concern with devastating consequences associated with morbidity, mortality, and burdensome economic consequences. Currently, licensed drugs for the treatment of viral infections have several drawbacks, including toxicity and emergence of drug resistance. Hence, new and improved antiviral therapies with novel modes of action are urgently needed, and use of antiviral immunotoxins as "smart bombs" provide 1 such option.
Immunotoxins are fusion molecules that consist of a targeting molecule conjugated to a toxin molecule. The targeting molecule can be either antibody based, such as a mAb and a genetically engineered single-/double-chain antibody fragment or a receptor ligand, such as a growth factor or cytokine that targets specific cell surface receptors ( Fig. 1) [1, 2] . The targeting molecule can be fused to a range of toxins, such as bacterial, plant, or fungal toxins, or to human apoptotic proteins. Although the toxin ensures efficient killing of the diseased or infected target cell, the targeting moiety ensures selectivity (i.e., that the killing moiety is directed to the diseased cells only). The selectivity must be accompanied by efficient internalization of the immunotoxin. Thus, selection of the appropriate immunotoxin target not only relies on the target expression profile, but must also take target internalization into account [3] . Furthermore, immunotoxins are highly immunogenic molecules and may rapidly elicit an immune response when administered to humans. Improvement in design of the immunotoxins is therefore warranted (e.g., identification and silencing of human T cell epitopes [4] ) to overcome resistance and to achieve low immunogenicity for repeated treatment cycles.
Mostly, but not exclusively, immunotoxins are purpose-built to kill cancer cells. Thus, the identification of numerous unique cancer targets in recent years has led to the development of various malignancy-directed immunotoxins, with successful approval by the FDA ( Table 1 ). The early immunotoxin denileukin diftitox (Ontak, Eisai, Inc., Woodcliff Lake, NJ, USA) with the targeting molecule IL-2 fused to the C terminus of DT received accelerated approval for the treatment of CD-25-positive cutaneous T cell lymphoma in 1999 and received regular approval in 2008 [5] [6] [7] [8] . A subclass of immunotoxins, known as immunoconjugates, contains an antibody for specific antigen targeting. The antibody is coupled to a variety of effector molecules by cleavable or uncleavable linkers that ensure optimal delivery of the effector molecule into the cell (Fig. 1) . Immunoconjugates can be both highly specific and effective and with minimal toxicity if they are optimally designed. Therefore, certain immunoconjugates are considered among the most promising anticancer therapies in the clinic [9] . There are 3 classes of immunoconjugates, based on the mechanism of action of the therapeutic agent conjugated to the antibody. The first class includes a pharmacological drug-like substance; members of this class are also known as ADCs. The second class consists of radionucleotides and the third class, of catalytic toxins ( Fig. 1 ) [9] . The 2 most well-described immunoconjugates to date belong to class 1: brentuximab vedotin (targeting CD30) and trastuzumab emtansine (targeting HER2), approved by the FDA for the treatment of certain lymphomas and breast cancer, respectively [10, 11] . Radionucleotide immunoconjugates (class 2) (e.g., ibritumomab tiuxetan and iodine tositumomab) have shown clinical efficacy in the treatment of hematologic malignancies, but have failed in solid-tumor management [12] [13] [14] . Several immunoconjugates that involve a catalytic toxin (class 3) show promising results and are under clinical evaluation (phase I-III trials) and preclinical trials [9, 15] . Table 1 provides an overview of immunotoxins for treatment of cancers. Given the impressive progress in anticancer immunotoxin development, in particular regarding efficacy and safety, there is great potential of this technique for other clinical indications, such as infectious diseases, where pathogen-encoded targets provide superior specificity as compared to up-regulated endogenous target molecules in cancers. In the this review we focus on immunotoxins for the treatment of virus infections. At present, all antiviral immunotoxins are antibody based, yet 1 exemption recently entered the stage by presentation of the first antiviral immunotoxin targeting a virus-encoded 7TM GPCR denoted US28-not by an antibody, but by refinement of a chemotactic cytokine (chemokine) for optimal binding to US28 [16] . We discuss existing antiviral immunotoxins, novel viral targets for immunotoxins with main focus on virus-encoded 7TM GPCRs, and perspectives on the future of immunotoxin-based antiviral therapy.
IMMUNOTOXINS AS NOVEL ANTIVIRAL THERAPEUTICS
Today's antiviral therapies intervene in the infection cycle of the virus by primarily targeting virus entry, intracellular virus replication, virus particle formation, and cell exit or by modulating cellular immune defense systems [17] . Immunotoxins as antiviral therapeutics are relatively underexploited, but are potentially useful, as these molecules can interfere with virus replication at the same time as killing virus-infected cells [16, 18] . The greatest advantage, in comparison with anticancer immunotoxins, is that the target molecule often is encoded by the virus, thereby preventing side effects encountered by killing of cells expressing low levels of the targeted human molecule ( Table 2 ). In addition, interference with the protein synthesis within infected eukaryotic cells blocks virus dissemination and may eliminate the reservoirs in latently infected cells from which the virus reactivates [19] . Immunotoxins are composed of a target molecule, that can be in the form of an antibody, a growth factor, or a cytokine that directs the immunotoxin to its specific molecular target, which is cell or virus derived. The target molecule and the therapeutic can be directly fused to each other or connected by a linker molecule. The therapeutic consists of a toxin molecule derived from plants, bacteria, or fungi or an apoptotic protein that will kill the targeted cell when internalized. Immunoconjugates always have an antibody as the target molecule, which is specific to cell-or virus-derived targets. The target molecule is combined to the therapeutic by a linker, and the therapeutic is a drug substance, a radio ligand, or a toxin. [205] [206] [207] [208] (continued on next page)
Antibody-based immunotoxins for virus targeting
Immunotoxins have been developed against a variety of viruses, including small single-stranded RNA viruses, such as HIV, PCV, and HCV, and larger DNA viruses, such as herpesviruses.
( Table 2 provides a comprehensive overview of antiviral immunotoxins). In this review we focus on the most wellinvestigated immunotoxins against HIV and herpesviruses.
Antibody-based immunotoxins
Antibody-based immunotoxins were assessed as a monotherapy for HIV infection soon after the identification of HIV as the causative agent of AIDS [20] [21] [22] [23] , but were found to be ineffective [24] [25] [26] . At present, immunotoxins are under consideration for incorporation into HIV eradication protocols in combination therapy [18, 24, 27] . Today's antiretroviral treatment provides a lifesaving and effective control of HIV infections [28] , as it promotes dramatic reductions in viral load in blood and lymphoid tissues and is accompanied by significant recovery of CD4 + T-lymphocyte counts and immune system function [29] . However, infected cell reservoirs and low-level replication of HIV persist during years of suppressive antiretroviral treatment, leading to viral rebound upon cessation of treatment [29] . Therefore, adherence to daily treatment is essential, but with the potential consequence that drug resistance of viral variants may emerge. Therefore, strategies for HIV eradication therapies have been pursued [18, 30, 31] , and immunotoxins have been tested for HIV eradication in combination with an antiretroviral therapy. HIV cell entry is facilitated by the sequential interaction of the viral Env gp120 with CD4 on the surface of the cell [32] . Therefore, immunotoxins consisting of antibodies binding to gp120 linked to the truncated form of PE have been developed. The 3B3(Fv)-PE38 (hereafter, 3B3-PE) is an improved version of the CD4(178)-PE40 (hereafter, CD4-PE) immunotoxin [26, 29] . Both immunotoxins display highly potent and specific cytotoxic actions in vitro against replication of HIV in PBMCs and monocyte-derived macrophages [33, 34] . This effect is particularly noteworthy in view of the extremely low levels of surface Env expression in macrophages and the postulated role of macrophages in HIV persistence during antiretroviral treatment [34] . A thymus-liver SCID-hu mouse was used to examine the ability of both immunotoxins in combination with antiretroviral drugs to treat HIV infections in vivo. HIV tropism is confined to human tissue that is capable of supporting a productive infection of the virus. Thus, to establish HIV infection in a mouse model, SCID mice underwent implantation of human fetal thymus and liver under the mouse kidney capsule [35] . Both immunotoxins strikingly improved traditional anti-HIV treatment, but did not eradicate the infection. Recently, 3B3-PE has been tested further in a BLT humanized mouse model, which has been validated in the study of HIV persistence [18] . The process of bioengineering BLT mice results in systemic dissemination of human hematopoietic cells through the animal [36] . After effects of HIV infection on the BLT mouse human immune system were observed (e.g., CD4 + T cell depletion and immune activation), antiretroviral therapy was established, and 3B3-PE was incorporated into the therapeutic regimen. 3B3-PE significantly improved the anti-HIV treatment, by profoundly depleting productively infected cells systemically, but did not eliminate the virus [18] . The tested immunotoxins can limit the size of the HIV reservoir, but cannot eradicate HIV in combination with the 
Antibody-based immunotoxins targeting herpesviruses
Antibody-based immunotoxins targeting herpesviruses have shown promising results in several cases, as discussed in detail below. Antibody-based immunotoxins against KSHV. KSHV (also known as HHV-8) is an oncogenic virus that has been characterized as the etiologic agent in the onset and development of KS, PEL, and MCD [37, 38] . Like other herpesviruses, KSHV possesses 2 distinct transcriptional programs: latency and lytic replication [39] . In the latent phase, viral genomes are maintained silent within the infected cells, and in the lytic phase, all lytic viral genes are expressed in a tightly regulated cascade, after which the progeny virus is assembled and released from the infected cell. Two immunotoxins have been developed for selective killing of lytically infected cells: YC15-PE38 and 2014-PE38 [40, 41] . They both consist of a single chain Fv mAb targeting KSHV lytic gps linked to the truncated form of PE (PE38). The targeted gps are expressed on KSHV particles to facilitate virus entry, and consequently, the spread of the infection in the human host. YC15-PE38 binds to the KSHV gpH [40] and the antibody fragment of 2014-PE38 is against gpK8.1A [42] . Both immunotoxins have been shown to inhibit the production of infectious KSHV particles and specifically to kill KSHV-infected cells in a dose-dependent fashion in vitro. In particular, 2014-PE38 was observed to be efficient, even under conditions of very low gpK8.1A expression, and has therefore been discussed as a potential treatment for MCD, as this cancer is mostly associated with the lytic phase of the viral life cycle, when gpK.8.1A is expressed [41] .
Antibody-based immunotoxin against HSV-2. HSV-2 is one of the most prevalent sexually transmitted infections [43] . In addition to recurrent genital ulcers, HSV-2 causes neonatal herpes and is associated with a 3-fold increased risk for HIV acquisition [44] . Structurally altered antibodies produced by the camelid family are currently exploited for the treatment of HSV-2. Members of this family (camels, llamas, and alpacas) can produce antibodies that lack light chain and CH1 domain, also denoted VHHs [45] . VHHs demonstrate the same antigen-binding capability as full-length antibodies and are purified as monomeric domains. They demonstrate remarkable stability in a wide range of denaturing, temperature, and pH conditions. These properties of VHH have been exploited in the development of an immunotoxin for intravaginal use in the treatment of HSV-2 [46] .
Using a phage display library constructed from a llama immunized with a recombinant HSV-2-encoded gpD, a singledomain antibody VHH, R33, was identified with specific binding to the viral cell surface gpD. R33 did not demonstrate any HSV-2 neutralization. However, fusion of R33 to the cytotoxic domain of PE yielded an immunotoxin (R33ExoA) which, unlike existing antivirals targeting HSV-2, was highly efficient in killing virusinfected cells in vitro [46] . R33ExoA is the first immunotoxin designed for targeting a virus at a mucosal site of infection, but to be considered for anti-HSV-2 therapy, its efficacy under exceptional conditions in vivo, such as low vaginal pH, has to be proven.
Antibody-based immunotoxins against HCMV. HMCV can cause severe diseases in immunocompromised persons and establishes life-long infection in the human body [47] . Because the virus is highly species specific, it is not easily studied in animal models (except humanized mouse models). Instead, its murine counterpart MCMV is often used as a surrogate model for the study of virus replication and pathogenesis in vivo [48, 49] . Immunotoxins specific for cells infected with HCMV and MCMV have been constructed by linking polyclonal anti-HCMV and -MCMV IgG to gelonin, a type I ribosome-inactivating protein.
Both immunotoxins failed to obtain sufficient anti-HCMV/anti-MCMV activities in vitro [50] , indicating that other immunotoxins with improved antiviral activities are needed for in vivo studies. Examples of these are mAbs and pAbs conjugated to a deglycosylated ricin A chain for MCMV targeting. These immunotoxins were more efficient than the gelonin-based anti-MCMV immunotoxin and were therefore evaluated in vivo in MCMV-infected SCID mice [51] . Unfortunately, they were both inadequate in their effects on survival [52] and their overall effect was weak in comparison to that of ganciclovir in mice. Further work is needed to determine whether more potent and efficient antibody-based immunotoxins against CMV can be found.
CHEMOKINE-BASED IMMUNOTOXINS FOR HCMV TARGETING VIA US28
The first chemokine-based immunotoxin targeting a viral GPCR has been reported recently [16] . The targeting molecule was not antibody-based, but instead was created by a series of modifications in the cognate chemokine-ligand for the HCMV-expressed chemokine receptor US28. GPCRs constitute the biggest protein family in the human genome and are targets for ;50% of all currently marketed drugs [53] . Based on their 7TM a-helices, they are also known as 7TM receptors. The chemokine receptors and ligands constitute important parts of a very complex system that controls leukocyte movements during homeostasis and inflammation. Herpesvirus genomes have evolved an extraordinary repertoire of tools designed to ensure successful infectivity and propagation. A large fraction of these tools involves virusencoded 7TM receptors and ligands, most of which have high genetic and functional homology to either chemokines or chemokine receptors. Thus, HCMV devotes a significant part of its genome to immune modulatory gene homologs, as the virusencoded GPCRs UL33, UL78, US27, and US28, with US28 being a functional chemokine receptor [54] . Several pharmacological and cellular properties of US28 suggest that this vGPCR would be suitable for targeting of HCMV in an immunotoxin-based strategy. First, although US28 binds a broad spectrum of chemokines as part of its proposed immune evasive function as a chemokine scavenger, it shows high selectivity and enhanced binding for the CX 3 C chemokine CX 3 CL1 [55] . Because CX 3 CL1 binds only 1 human chemokine receptor, CX 3 CR1, the potential of unwanted off-target effects of a CX 3 CL1-based immunotoxin strategy is decreased. Second, CX 3 CL1 consists of a chemokine domain, a mucin stalk, and a transmembrane domain. These structural characteristics suggest that this chemokine can sustain high-affinity binding to US28 when the C-terminally attached mucin-like stalk is replaced by another protein (e.g., the cytotoxic domains of PE). Third, detailed studies indicate that most of the US28 receptors localize away from the cell surface in endosomes [56, 57] . This distribution results from rapid, constitutive, and ligand-independent receptor internalization [58] , a feature well-suited for efficient intracellular delivery of immunotoxins. Based on the molecular characteristics of US28 and its defined ligand profile, an immunotoxin was designed consisting of the chemokine domain CX 3 CL1 and the translocation and cytotoxicity domains of PE (Fig. 2) . It was given the name CX 3 CL1-FTP to highlight that the target moiety was based on a chemokine, not an antibody [16] . CX 3 CL1-FTP binds to US28 with higher affinity, kills US28-expressing cells with higher potency, and more efficiently controls virus replication and release of virus particles than does ganciclovir. Moreover, CX 3 CL1-FTP is capable of controlling virus replication of a ganciclovir-resistant HCMV strain-a highly important property for treatment of patients who have an increasing clinical challenge of infection with ganciclovir-resistant HCMV strains. As CX 3 CL1-FTP also killed cells expressing the human chemokine receptor CX 3 CR1 (albeit much less efficiently), a rational design strategy was applied to further enhance the selectivity of the immunotoxin molecule toward US28 [16] . A single-point mutation (Phe 49 to Ala) in CX 3 CL1 retained high-affinity binding to US28 and reduced affinity to CX 3 CR1, providing a favorable selectivity profile toward US28. The selectivityoptimized immunotoxin F49A-FTP exhibited far superior control of HCMV infection in vivo in the SCID-hu mice model compared with ganciclovir [16, 59] . The efficacy, combined with the rational design of a selective chemokine as the target molecule, demonstrates the high therapeutic potential of this drug candidate. Many questions clearly remain, including the capacity for development of F49A-FTP-resistance in vivo and toxicity and the immunogenicity associated with F49A-FTP.
7TM receptors as potential antiviral immunotoxin targets
As evident from the presentation of F49A-FTP, the immunotoxin drug candidate for the treatment of HCMV, rationally designed immunotoxins targeting virus-expressed receptors may provide promising drug targets, not only for anti-HCMV therapy, but also other virus-encoded 7TM receptors [60] [61] [62] [63] .
The EBV-encoded BILF1 receptor. EBV encodes 1 constitutively active tumorigenic receptor, EBV-BILF1 [61, 62, 64] . It has been suggested that this 7TM receptor is involved in the pathogenesis of EBV-associated malignancies, presumably in a signaling-dependent manner. The molecular properties of EBV-BILF1 indicate that this receptor is a promising drug target and is suitable for immunotoxin targeting. Cell surface expression of EBV-BILF1 can be detected during the lytic phase of infection, and even low receptor expression levels were detectable in latency [65] -an important feature for targeting EBV-associated cancers as only a few viral gene products are expressed. Moreover the receptor is constitutively internalized into the cell [66] , which is important for efficient toxin delivery into cancer cells. However, as EBV-BILF1 is an orphan receptor, a ligand has to be identified for the immunotoxin design.
The KSHV-encoded chemokine receptor ORF74. This broadspectrum chemokine receptor seems highly suitable for immunotoxin targeting. In itself, ORF74 can induce the onset of Kaposi's sarcoma-like lesions through the activation of a complex network of signaling pathways that involve the autocrine and paracrine activation of proliferative, proinflammatory, and angiogenic pathways. Targeting ORF74-mediated signaling by inhibiting individual pathways has been shown to have insufficient therapeutic potential to cure several cancers [67] . In contrast, using immunotoxins designed to target KSHV-infected cells through ORF74 seems a valid approach to efficiently kill KSHV-infected cells; hence, the abrogation of oncogenic signaling events. ORF74 has a defined chemokine ligand profile [68] [69] [70] and is internalized in response to human CXCL1 and -8 [71] . Thus, a rational chemokine-based immunotoxin strategy in homology to the strategy outlined above for US28 and CX 3 CL1 could be applied.
In addition to the viral 7TM receptors, several viruses exploit host-encoded receptors by different means: 1) by up-regulating them in the same manner that EBV up-regulates EBI2 [72] , 2) by using them as cell entry cofactors [73] [74] [75] [76] , or 3) by encoding ligands (agonists and antagonists) for endogenous receptors, as vMIP1-3 is encoded for KSHV [77] [78] [79] . In theory, immunotoxins could also target these 3 methods. For the up-regulated receptors, such as EBI2 (also known as GPR183), it has been suggested that the up-regulation improves virus replication, and that it could be important for antiviral immune defense [80, 81] . The role of EBI2 in the EBV life cycle is still uncertain [81] . If EBV benefits from high EBI2 expression, an immunotoxin targeting EBI2 could provide an efficient and specific way to inhibit EBV-associated diseases. A possible drawback of this approach would be cytotoxic side effects in all EBI2-expressing cells (B cells, T cells, macrophages, dendritic cells, and many others) [82] -effects that could be reduced by lowering the dose. However the reduction, in turn, could lead to inefficient immunotoxin targeting [83, 84] .
FUTURE DIRECTIONS AND LIMITATIONS OF ANTIVIRAL IMMUNOTOXINS
For future antiviral immunotoxins to be successful, they must be efficient, with low toxicity. This efficiency can be obtained by using the following criteria: 1) The target of the immunotoxins must be highly disease-specific to limit side effects. Immunotoxins targeting the viral genome or virus-encoded proteins expressed on the surface of virions and infected cells are efficient targets, as these molecules are not normally expressed on human cells. 2) The target must be expressed in both the latent and the lytic phase of the virus cycle, to completely eradicate the virus infection. Indeed, although effective killing of lytically infected cells is not enough to eradicate viruses that also have a latent stage, it is sufficient in most cases to treat acute infection.
3) The target expressed on the surface of infected cells must have a rapid internalizing capability for the immunotoxin to be efficiently delivered to the intracellular environment. 4) The immunotoxin must bypass the host's immune system as generation of neutralizing antibodies to the immunotoxin prevents continued treatment and retreatment. It is especially the toxin moiety of the immunotoxin that can be immunogenic, as this is often derived from bacteria or plant (nonhuman) sources. To circumvent this problem, patients could be treated with immunosuppressive drugs to prevent or delay the production of neutralizing antibodies [85] .
CONCLUSION
Current development of antiviral immunotoxins is an emerging field with constantly improved and innovative methods for successful application. Research has developed combination therapies with immunotoxins that are beneficial in viral treatment, which further highlights the promise of successful application of antiviral immunotoxins. 
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